Aim: To assess the ocular bioavailability of fluorescein from a novel drug delivery system compared with one single preservative free eye drop. Methods: Part A: In a randomised study 10 volunteers applied the lyophilisate to one eye and a conventional fluorescein eye drop to the fellow eye. Fluorophotometry was performed before and every 2 minutes up to 30 minutes after application in the cornea and anterior chamber. Part B: Another 10 volunteers applied each form of the application. Fluorophotometry was performed before, +2 minutes, and at +8, +10, +12 hours. The dose corresponding to a single fluorescein dose of the lyophilisate was 68 l mg fluorescein SE 0.17%. Results: Part A: During the first 30 minutes after administration of the preservative free eye drop of 40 mg the corneal and anterior chamber concentration means were up to 16 times higher in eyes treated with the lyophilisate. Part B: 8-12 hours after application the mean fluorescein concentration in the cornea of the lyophilisate group was two times higher than at baseline. Eyes treated with eye drops had baseline values at +8, +10 and +12 hours. Conclusion: A significantly better bioavailability was achieved in human eyes by using lyophilisate compared with the same dose from a conventional eye drop. Lyophilisates are a favourable alternative to conventional eye drops since they have no preservatives, higher long term stability, no pH adjustment, and easy handling. C onventional eye drops represent nearly 90% of the marketed formulations used in the treatment of acute and chronic diseases. 1 2 Elderly patients find the application of conventional eye drops difficult, since they are unable to recline their head more than 55˚without feeling dizzy. 3 Several eye drops may flood the eye with medication, leading to overtreatment resulting in topical and systemic side effects due to the rapid absorption of the active ingredient via the nasopharyngeal mucosa. 4 5 The extensive precorneal fluid loss caused by the drainage and high tear fluid turnover during the application of conventional ophthalmic water solutions and suspensions with ocular tissues is short (,1 minute). 6 This is one of the disadvantages of high concentrations being administered in conventional ocular therapy.
Another important disadvantage of conventional eye drops is the use of preservatives. Preservatives are meant to destroy micro-organisms and protect the eye against possible infections, but their action is non-specific and they have been proved to damage ocular tissues. 7 8 An ideal form of application should meet the following criteria: easy use; neutral pH value and absence of preservatives; a more linear drug inflow into the eye; sterile true single dosage; minimal discomfort; minimal influence on visual acuity. 1 In the past there have been numerous developments of new forms of application like the collagen shield, NODS, or Ocusert which were introduced unsuccessfully. [9] [10] [11] A new preservative free, freeze dried ophthalmic drug delivery system (lyophilisate) has been developed (fig 1) . In a first study the safety and tolerability of the lyophilisate (placebo) was compared with a conventional, preservative free tear film substitute eye drop. The lyophilisate demonstrated a very good tolerability and excellent safety. 12 In a phase II study Dinslage et al 1 documented a significantly better ocular bioavailability of fluorescein derived from the lyophilisate compared with the identical dose of fluorescein from a conventional eye drop during the first 3 hours after application. The aim of this study was to compare the ocular bioavailability of fluorescein from lyophilisate with conventional eye drops during the first 30 minutes after application and up to 12 hours after application.
METHODS

Part A
In an open label, randomised, clinical study 10 healthy volunteers (six men, four women) with a mean age of 25 years (minimum: 24, maximum: 27 years) applied a lyophilisate to one eye and a preservative free fluorescein eye drop to the fellow eye. Following randomisation volunteers applied the lyophilisate to the left eyes and the conventional eye drops to the right eyes and vice versa. The fluorescein dose of the lyophilisate was 68 mg corresponding to a single, preservative free eye drop of 40 ml fluorescein SE 0.17% (Alcon GmbH, Germany).
Since direct non-invasive objective measurements of antiglaucomatous medications or antibiotics in the living human anterior chamber are not available, anterior chamber fluorophotometry (Fluorotron Master II; Ocumetrics, Palo Alto, CA, USA) was used as a non-invasive, observer independent comparison of the fluorescein bioavailability received with the two drug delivery systems. 13 14 The Figure 1 Application of a lyophilisate.
fluorescein concentrations (ng/ml) in the cornea and anterior chamber were regarded as equivalent of the bioavailability of each drug delivery device.
At baseline we measured the autofluorescence of the cornea, anterior chamber, and lens before the application of fluorescein. The increase of fluorescence over time (ng/ml) of the cornea and anterior chamber was measured every 2 minutes for 30 minutes after application. 1 15 The fluorescein concentrations of the cornea (C) and anterior chamber (AC) represented the bioavailability from each application system. The statistical significance of the data was evaluated by paired t test (SPSS 10.0 for Windows, Statistical package for the social studies, Chicago, IL, USA).
Part B An additional 10 healthy volunteers (six men, four women, mean age: 25 years) applied a lyophilisate to one eye and a preservative free fluorescein eye drop to the fellow eye in a randomised experiment. The fluorescein dose of the lyophilisate was 68 mg corresponding to a single, preservative free eye drop of 40 ml fluorescein SE 0.17% (Alcon GmbH, Germany).
Fluorophotometry was performed before, +2 minutes and +480; +600; +720 minutes after application. The fluorescein concentration of cornea (C) and anterior chamber (AC) were analysed by paired t test (SPSS 10.0 for Windows, Statistical package for the social studies, Chicago, IL, USA).
Volunteers wearing contact lenses, who had an injury or infection in either eye within the past 3 months before entering the study, had any kind of ocular surgery, smokers, and those suffering from diabetes were excluded.
The fluorescein dose of the lyophilisate was 68 mg corresponding to a single, preservative free eye drop of 40 ml fluorescein SE 0.17% (Alcon GmbH, Germany). The fluorescein lyophilisate is deposited in the lower cul de sac by stripping it off the carrier in a wiping motion over the rim of the lower eyelid (Fig 1) . Upon contact with the conjunctiva the lyophilisate immediately rehydrates in the tear film, detaches from the carrier (Fig 2) and is diluted by the tear film. The fluorescein is spread over the cornea and conjunctiva. In contrast with conventional eye drops no additional volume and no preservatives are applied to the surface of the eye. Thus no tearing and washout effect are stimulated.
The tolerability of the two drug delivery forms was assessed by means of 100 mm arbitrary visual analogue scales (VAS) in which 0 mm denoted no ocular discomfort and 100 mm represented severe ocular discomfort. The volunteers documented their ocular tolerability at +1 minute after application.
RESULTS
Part A Ten healthy white volunteers completed part A of the study. All measurements could be carried out. The fluorescein profiles of both groups at baseline (see Table 1 ) before the application of eye drops or lyophilisates showed no significant difference in the cornea and anterior chamber autofluorescence.
Cornea concentrations (C)
The cornea mean values were significantly higher in eyes treated with the lyophilisate during 30 minutes after application except for two measurements at +22, +30 minutes. At +2 minutes the mean fluorescein concentration in the cornea in the lyophilisate group was 3391 ng/ml compared with 839 ng/ml of eyes treated with the conventional eye drops (Table 1 and Fig 3) . After 30 minutes the mean fluorescein concentration in the cornea of the lyophilisate group decreased to 160.50 ng/ml compared with 32.98 ng/ml in the eye drop group. The mean fluorescein concentrations after lyophilisate application were maximum 16.2 times (+10 minutes) and minimum up to four times higher compared with the mean fluorescein concentrations from conventional eye drops. Anterior chamber concentrations (AC)
All mean fluorescein concentrations of the mid anterior chamber were higher in the lyophilisate group. The anterior chamber mean values were significantly higher up to 20 minutes (except for +12 minutes) in the lyophilisate group (p,0.048) ( Table 1 and Fig 4) . The AC mean fluorescein concentration of the lyophilisate treated eye reached 73.75 ng/ml at +2 minutes, decreased to 37.82 ng/ ml at +14 minutes, and reached 10.33 ng/ml at +30 minutes.
The AC mean fluorescein concentration of the conventional eye drop treated eye reached 22.67 ng/ml at +2 minutes, decreased to 6.93 ng/ml at +14 minutes, and reached 6.39 ng/ ml at +30 minutes. After 14 minutes the eyes treated with conventional eye drops reached just baseline fluorescein values (5.35 ng/ml at baseline compared to 6.93 ng/ml at +14 minutes).
Part B
In part B the additional 10 healthy volunteers finished the protocol. All measurements were carried out. The fluorescein profile of both groups at baseline (see Table 2 ) before application of eye drop or lyophilisate showed no significant difference in the cornea and anterior chamber autofluorescence profile.
Cornea concentrations
The mean fluorescein concentrations of the cornea 8-12 hours after application were significantly higher (p,0.044) in the lyophilisate group. The mean fluorescein concentration in the cornea of the lyophilisate treated eye reached 3813.54 ng/ml at +2 minutes and decreased to 21.59 ng/ml at +720 minutes ( Table 2 and Fig 5) . The mean fluorescein concentration in the cornea of the conventional eye drop treated eye reached 917.81 ng/ml at +2 minutes and decreased to 15.38 ng/ml at +720 minutes. After 8 hours the eyes treated with conventional eye drops reached just baseline fluorescein values (11.62 ng/ml at baseline compared to 13.20 ng/ml at +480 minutes), whereas the fluorescein concentration in the lyophilisate group at that time point was twice as high (12.58 ng/ml at baseline compared to 25.39 ng/ml at +480 minutes).
Anterior chamber concentrations
In the anterior chamber the mean fluorescein concentration in the lyophilisate group was significantly higher (p,0.049) up to +8 hours after application (Table 2 and Fig 6) . The AC mean fluorescein concentration of the lyophilisate treated eye reached 10.86 ng/ml at +8 hours compared with 6.13 ng/ml at baseline. The anterior chamber mean fluorescein concentration of the conventional eye drop treated eye reached 5.93 ng/ml at +8 hours compared with 5.29 ng/ml at baseline. After 8 hours no fluorescein is left in eyes treated with conventional eye drops. At +10 and +12 hours the mean fluorescein concentrations did not show any significant difference between both groups. 
Tolerability
Both forms of application were generally well tolerated. None of the volunteers complained about the application of lyophilisate. The mean ocular discomfort from the preservative free eye drops was statistically seen as significantly lower compared to the lyophilisates (p,0.002).
DISCUSSION
This paper marks the fourth clinical test of lyophilisates as a new preservative free single dose ophthalmic drug delivery system (Fig 1) . In phase I in 1999 the safety and tolerability of the lyophilisate was studied successfully by Diestelhorst et al. 12 In comparison with a conventional, preservative free tear film substitute it demonstrated a very good tolerability and excellent safety. The study showed that the application is very easy. The patient does not need to recline his head, he/ she only has to wipe the tip of the carrier (Fig 1) over the lower lid margin. Compared with the tip of an eye bottle there is no risk of trauma or injury. 12 In this study the mean ocular discomfort of lyophilisate, measured by VAS, was quite similar to that study (31.0 mm compared with 36.3 mm). In contrast with lyophilisate is the valuation of eye drops. In 1999 the mean ocular discomfort was 33.0 mm compared to 11.2 mm in our study. This difference could perhaps be explained by the small numbers of volunteers in the study (20 volunteers in our study compared to 32 volunteers in the study of Diestelhorst). that of conventional eye drops during the first 3 hours after application. The authors found significantly higher mean values of lyophilisate in the cornea and anterior chamber in comparison with a single conventional eye drop. Even 3 hours after lyophilisate instillation they still reported increasing mean fluorescein concentrations in the anterior chamber.
Lux et al compared the ocular bioavailability of fluorescein from a triple dose (204 mg), single lyophilisate with three conventional eye drops. Their data have shown significantly higher bioavailability of fluorescein in both the cornea and the mid anterior chamber up to 7 hours in the eyes treated with lyophilisate. 16 Our intention was to examine the first 30 minutes after application in part A and the long term bioavailability up to 12 hours after application of lyophilisate compared with conventional eye drops in part B. During the first 30 minutes after application, the corneal stroma (C) mean fluorescein concentrations in eyes treated with lyophilisates were 46 higher after 2 minutes, 166 higher after 14 minutes, and 56 higher after 30 minutes (Table 1) . Therefore, with lyophilisate a substantially higher drug concentration in the cornea is accessible.
The mid anterior chamber mean fluorescein concentrations in the eyes treated with eye drops reached baseline fluorescein values after 14 minutes, whereas at that time the fluorescein concentration in the lyophilisate group was six times higher then baseline. Our results in part B underline that the long term drug effect from the lyophilisate is significantly better. In the anterior chamber the mean fluorescein concentrations were significantly higher up to 8 hours (p,0.049) and in the cornea even up to 12 hours (p,0.044) after application in the lyophilisate group. These results demonstrate that topical instillation of conventional ophthalmic solutions relies on ''pulse entry'' of the drug which is characterised by a rapid rise followed by a rapid decline in the ocular drug concentration. Lyophilisate, on the other hand, shows a rapid rise but not a rapid decline in the ocular bioavailability.
Our data are in agreement with the study of Dinslage et al. 1 The authors found cornea and anterior chamber concentrations barely exceeding autofluorescence values +15 minutes after application of 40 ml of a fluorescein 0.17% eye drop. The anterior chamber concentrations did not increase statistically in a significant way at all time points up to 3 hours after application. The poor long term drug effects of conventional eye drops measured in our study occur for several reasons. The main reason is the rapid elimination of conventional eye drops from the eye. This results in extensive drug loss. Only a small amount (1-3%) actually penetrates the cornea and reaches intraocular tissues. [17] [18] [19] The reasons for this inefficient drug delivery lie in a rapid tear turnover, lacrimal drainage, and drug dilution tears. 20 The consequence is that high concentrations have to be used in conventional ocular therapy.
Ocular medications rapidly drain via the nasolacrimal duct to the nasal mucosa causing systemic side effects. A possible alternative is the lyophilisate: a water free, true single dose, pH neutral, and preservative free drug delivery device which avoids the rapid dilution of medications at the tear film. A significantly better intraocular bioavailability was demonstrated by different investigators. Another advantage of lyophilisate is the absence of preservatives. Preservatives are known to cause cytotoxic reactions to the ocular surface: blepharitis, conjunctivitis, conjunctival hyperaemia, and punctate keratitis. [21] [22] [23] [24] In particular patients with chronic ocular surface disease (glaucoma, dry eye syndrome or allergies) are more sensitive to preservatives and should consequently use preservative free eye medication. 7 25 26 Pisella et al investigated the prevalence of ocular symptoms and signs with preserved and preservative free glaucoma medication. The authors concluded that the use of preservative free eye medication clearly reduces the signs of ocular surface irritation in glaucoma patients. 27 Lyophilisates containing antiglaucoma medications are able to maintain a relatively high and steady concentration of the medication in the cornea and anterior chamber over a longer period of time. The application could be set at longer intervals resulting in more comfort for the patient as well as better compliance. In the treatment of corneal infections this delivery device may also be a possible alternative since much higher concentrations of antibiotics or antimycotics in the cornea could be reached. The depot effect of the lyophilisate should be used in the treatment of the dry eye syndrome. If the superior bioavailability of medications applied with a lyophilisate can be demonstrated in, for example, glaucoma patients this device may replace today's pharmaceutical ocular therapy.
